Abstract-This paper presents a novel and simple ultrawideband printed rectangular monopole antenna for body-centric wireless communications. The design is based on etching a Q-slot on a rectangular radiator and is optimized to produce the largest bandwidth in free space and close to the human body. We analyze the design of the proposed antenna and assess its performance in terms of bandwidth, gain, efficiency, and radiation patterns. We also characterize the antenna in the timedomain by calculating its fidelity factor. Our results show that the Q-slot antenna maintains its bandwidth when placed in close contact with the human body, or in contact with breastmimicking tissue phantoms. The very good agreement between the calculated and measured antenna performances in free space and on body suggests that the antenna is immune to variations in the human tissue and is also robust to fabrication tolerances.
data transmission systems with low power requirements. The advantages of UWB over narrowband antennas include large bandwidth, high data rate, resistance to interference, and low power consumption [2] , [3] . A large absolute bandwidth also provides high resilience to fading and enhances the signal robustness for data transmission, which is an advantage for body-centric wearable units that operate in very challenging environments. However, the design of UWB antennas is much more challenging than conventional broadband antennas, as UWB antennas require broadband operation in terms of impedance matching, group delay, radiation patterns, and the ability to maintain the shape of the received signal.
Many UWB antennas for body-centric communications have been reported in the literature [4] [5] [6] . To achieve a greater accuracy, antennas for body-centric communications must be designed in the presence of the human body, as body tissues absorb a great portion of the power supplied to the antenna and affect the antenna input impedance, radiation pattern, and resonant frequency [3] . A relatively high efficiency of more than 50% in the vicinity of the human body is an important requirement for on-body applications and can be achieved with cavity slot antennas with nonnegligible height [7] . This paper presents an UWB printed rectangular monopole antenna (PRMA) [8] with attractive features (bandwidth, efficiency, high fidelity, high immunity, and compactness), which make it suitable for body-centric communications. The proposed antenna has very stable performance when in close contact with the human body, in terms of input impedance, return loss, and radiation patterns across the UWB spectrum. This paper is structured as follows: Section II presents our antenna geometry and design, while Section III analyses the antenna performance in free space and on-body, comparing simulated and measured results. Conclusions are drawn in Section IV.
II. ANTENNA DESIGN

A. Antenna Geometry
The geometry of the proposed antenna consists of an L s ×W s = 36.6 × 39 mm 2 FR4 substrate of thickness 1.6 mm (with ε r = 3 and tan δ = 0.01). On the top of the substrate is an L×W = 18.3 × 23.8 mm 2 rectangular radiator. A thin Q-slot is etched on the radiator to generate additional resonance in the structure. At the back of the substrate is a partial rectangular ground plane measuring 36.6 × gr mm 2 as depicted in Fig. 1 . A 50 coaxial transmission line is used to feed the antenna.
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B. Design Process
While PRMAs have been designed previously for wideband operation in the mobile and personal communications frequency range [8] , operation in the UWB band is more challenging for a simple PRMA structure. UWB operation has been achieved with a printed circular disc monopole antenna [9] , but the required substrate length L s = 50 mm may be a limiting factor for on-body applications. Our design in Fig. 1 can be regarded as combining elements from these two previous designs (rectangular and circular), with additional design parameters that can be tailored to specific performance requirements. In fact, the insertion of slots on radiators in order to enhance performance or achieve miniaturisation has been widely reported in [10] and [11] . For example, U-slots have been employed to achieve broadband operation in [12] [13] [14] . Our design proposes to use a Q-slot to enhance the monopole's performance over the UWB spectrum.
In order to acquire a first estimate of the Q-slot's appropriate dimensions, we studied surface current distributions and contours to identify the size of a relatively weak current area where the slot can be inserted. To this end, we modeled the antenna without the slot in CST Microwave Studio and plotted current distributions at representative frequencies of 3.5, 6.5, and 9 GHz, shown in Fig. 2 . These plots reveal a relatively weak surface current density at the central part of the structure, and thus the inserted Q-slot's dimensions were chosen to fit that area. Then, the antenna parameters were optimized using a Trust Region Framework algorithm within CST Microwave Studio to achieve the final design of Fig. 1 . The parameters for the antenna final design, which results in a reflection coefficient S 11 under −10 dB from 3.5 to 11.7 GHz, are summarized in Table I .
The impact of inserting the slot on the antenna reflection coefficient S 11 is shown in Fig. 3 , which demonstrates that inserting the slot can increase the distances between the antenna resonant frequencies and extend the bandwidth for which S 11 < −10 dB from 3.5 to 11.7 GHz. Moreover, inserting the slot results in an increase in the antenna's directivity, efficiency, and gain across the whole UWB spectrum, as shown in Table II for three representative frequencies.
C. Parametric Study
To evaluate the impact of some of the antenna design parameters defined in Table I , we performed a parametric study varying one of these parameters at a time while keeping all others fixed to those in Table I . As our focus was on the impact of the slot, our study examined the effect of the following parameters with reference to Fig. 1 : slot width s, outer radius of the slot r , Q-descender t, and feeding position p. these plots that all parameters have significant impact on the antenna return loss. Changing the position of the feed p affects both the strength and location of the resonant frequencies as well as the frequency range where S 11 < −10 dB, with p = 6.7 mm and p = 0 mm producing the broadest bandwidths [see Fig. 4(a) ]. Relative to our finalized design, changes in the Q-slot parameters r , s, and t can improve matching (i.e., lower the S 11 ) in the range of 4.0-6.0 GHz but result in a lower bandwidth for which S 11 < −10 dB, as indicated in Fig. 4(b)-(d) by comparing the various lines to the solid red line of the final design.
We also examined the effect of these parameters on antenna efficiency, directivity, and gain, by calculating their values for the same parametric study as for S 11 in Fig. 4 . In terms of efficiency, changing the Q-descender t from its optimized value drops the efficiency significantly in the range up to 6 GHz, and the same applies for the case of slot width s = 2.5 mm. For all other cases, the efficiency does not vary much from the values of the final design presented in Table II . The directivity and gain follow the same trends and are in general optimal for the final design (see the values in Table II ). More specifically, the Q-descender t affects the gain only when its length increases significantly (t = 8 mm), while varying the slot width s has little effect overall. Varying the outer radius of the slot r can reduce the gain by 1-1.5 dB away from its optimal value at 9 GHz but can also increase it slightly at lower frequencies. Varying the the feeding position p has the most pronounced effect, with the optimal positions being p = 6.7 and 0 mm (at the edge of the radiator).
III. PERFORMANCE IN AIR AND ON-BODY
A. Free Space Return Loss
To study the antenna operation in free space, we first compared its calculated (using CST) and measured reflection coefficient S 11 . Fig. 5 shows the prototype of the proposed antenna that was experimentally characterized by an M9375A vector network analyzer (Keysight). The antenna S 11 was calculated between 2 and 12 GHz, as this was the initial UWB spectrum of interest. However, our measurements showed that the antenna S 11 is under −10 dB for frequencies up to 20 GHz. As shown in Fig. 6 , the free space simulated and measured results agree very well up to 10 GHz, with some differences arising around the third resonance above 10 GHz, which is not as strong and narrow for the experimental measurement as for our simulation. 
B. On-Body Return Loss
To study the antenna performance for on-body applications, we considered a three-layer phantom composed of wet skin (ε r = 41.982 and σ = 2.0168), fat (ε r = 5.2138 and σ = 0.13497), and muscle (ε r = 51.936 and σ = 2.2216) calculated at the lower-edge band of UWB spectrum, 3.1 GHz [15] . We note that this is only an approximate tissue model, since the tissue properties are not constant across the whole frequency range. The dimensions of the phantom (50 mm × 50 mm × 400 mm) are equivalent to a human arm model considered in [16] and [17] as shown in Fig. 7(a) . Using this model, we calculated the antenna S 11 when placed on or very close to the human body. The separation gap between the antenna and the phantom was varied between 3 and 15 mm, and the calculated S 11 for the various positions is plotted in Fig. 7(b) . The plots in Fig. 7(b) suggest that the antenna does not detune even as close as 3 mm away from the human body.
To test this important observation experimentally, we carried out on-body measurements where we attached the antenna parallel onto the chest of a male human volunteer (age = 35 years, weight = 81 kg, height = 172 cm, and BMI = 27) in upright position. We measured the S 11 with the vector network analyzer as the distance from the chest varied from 3 to 15 mm. In addition to the chest measurements, we carried out direct on-body measurements on different parts of the body such as the arm and the wrist. The results from the chest measurements are plotted in Fig. 8(a) , where it is shown that the antenna maintains its UWB operation in the presence of the human body. Moreover, the measured on-body data for different body parts plotted in Fig. 8(b) shows an extended bandwidth from 3.1 to 20 GHz, for which S 11 is under −10 dB.
Using the developed simulation model of Fig. 7(a) with the antenna placed 3 mm away from the skin, we also calculated the specific absorption rate (SAR) for the antenna when placed on-body in order to calculate the maximum power that the antenna can transmit within safety limits. In accordance to the IEEE C95.1-2005 standard, the SAR average value over 10 g of human tissue mass should not exceed 2 W/Kg [18] . When the antenna was fed with a 1 W peak input reference power, we calculated the SAR distribution averaged over 10 g of human tissue mass, which reached a 15 W/Kg value at 9.0 GHz. Thus, the delivered power of the antenna must be decreased to 133 mW in order to satisfy the strictest regulatory requirements by the IEEE C95.1-2005 standard. Considering the U.S. FCC standard (1.6 W/Kg limit), the corresponding peak SAR value was calculated at 38.1 W/Kg, which means that the delivered power must be reduced to 41.9 mW to stay below the 1.6 W/Kg limit.
C. Operation in the Presence of a Breast Phantom
We also performed experiments to evaluate the antenna performance when placed in close proximity to a phantom mimicking average breast tissue properties [19] , motivated by the [19] current development of various medical diagnostic applications based on microwave technologies [20] . Our experiments are summarized in Fig. 9 . The breast phantom was prepared from the materials listed on Table III , which shows the percentages by weight of all the components. The hemispherical breast phantom had a diameter of 14 cm and a depth of 10 cm [see Fig. 9(a) ]. The measured permittivity and conductivity values of the constructed breast phantom tissue are plotted versus frequency in Fig. 9(b) for the UWB spectrum. The measured S 11 for the antenna placed on the breast phantom is plotted in Fig. 9(c) . Although the properties of the tissue mimicking phantom are quite different from the simulated phantom or its equivalent tissue, volume seen by the antenna when placed on-body as in Figs. 7, 8, and 9(c) suggests that the antenna is robust to variation in the properties of tissues and maintains its UWB operation.
D. Radiation Patterns
The radiation patterns of the antenna in the azimuthal and elevation planes were evaluated both in free space and on-body at three representative frequencies of 3.5, 6.5, and 9 GHz. Fig. 10 shows the on-body simulated and measured radiation patterns at azimuthal and elevation planes and the aforementioned frequency points. In the azimuthal plane, the antenna is more directive at lower frequencies, and the front to back ratio is approximately 20 dB due to tissue losses. At higher frequencies (e.g., 9 GHz), the patterns are quasiomnidirectional. In the elevation plane, the radiation patterns at the selected frequencies are more or less omnidirectional. There is good agreement in all cases between the simulated and measured on-body patterns, as suggested by the plots at the selected frequencies.
E. Time-Domain Study
An UWB antenna cannot be fully characterized without studying its time-domain operation. An important feature to study in this respect is the antenna's fidelity, which is a measure of its ability to preserve the shape of the pulse used to excite the antenna. To study the fidelity of the proposed antenna, we simulated its operation excited by a modulated Gaussian pulse given by
where b is the pulsewidth, d is the time delay, and f c is the modulated frequency. In order to satisfy the strict emission of FCC limits on UWB antennas and at the same test fidelity across the whole UWB spectrum, we performed calculations for sine-modulated input signals centered at two different modulation frequencies, f c = 4.5 and 6.5 GHz, using b = 220 ps, and d = 180 ps in (1). Fig. 11 shows the modulated excitation signals and their corresponding power spectral density with the emission mask, which confirms that these pulses are within FCC regulations. (2), the fidelity factors for these directions were calculated to be 90.0% and 91.3%.
The antenna fidelity can be computed from the cross correlation of the input excitation pulse and the output signal transmitted by the antenna after normalization [21] . The fidelity factor F can be expressed mathematically as
where x(t) and y(t) are the input and output signals, and τ is the time delay that maximizes (2). To calculate (2), we used field probes in CST that were placed at the farfield of the transmitting antenna and recorded the radiated signals. The signals were cross-correlated using CST Microwave Studio, and examples of these cross-correlations are shown in Fig. 12 for two different directions (θ = 0°, φ = 0°) and (θ = 0°, φ = 90°). The fidelity factors for these directions were calculated to be 90.0% and 91.3%, which can ensure minimal input pulse distortion [22] .
IV. CONCLUSION
This paper presents a novel PRMA suitable for body-centric applications. We evaluated the performance of the antenna in free space and on-body and observed that the proposed antenna did not detune in close proximity of human body. We also demonstrated very good agreement between the simulated and measured return loss and radiation patterns for both free space and on-body scenarios. The antenna performs well in close contact with the human body with appreciable gains, radiation patterns, and efficiency of 98% in free space and 52% on the body. Finally, we have also shown that the antenna could be a good candidate for UWB microwave breast cancer detection applications, by validating its UWB operation in experiments with a homogeneous phantom with dielectric properties in the range of normal (dense) breast tissue. He is a Co-Founder of Mediwise Ltd., London, an award-winning SME focusing on the use of electromagnetic waves for medical applications. His current research interests include computational electromagnetics with application to sensing and imaging, antenna design, physics-based detection methods, and inverse problems theory and techniques. He has contributed a book chapter and over 80 journal and conference publications in these areas.
